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Abstract: Diversity and regeneration of woody species were investigated in two ecological niches viz. gap and intact vegetation in 
old-growth seasonally dry Shorea robusta (Gaertn. f.) forests in Nepal. We also related varieties of diversity measures and regeneration at¬ 
tributes to gap characteristics. Stem density of tree and shrub components is higher in the gap than in the intact vegetation. Seedling densi¬ 
ties of S. robusta and Terminalia alata (B. Heyne ex Roth.) are higher in the gap than in the intact vegetation, while contrary result is ob¬ 
served for T. bellirica (Gaertn. ex Roxb.) and Syzigium cumini (L. Skeels) in term of seedling density. The complement of Simpson index, 
Evenness index, and species-individual ratio in the seedling layer are lower in the gap than the intact vegetation. Gap size can explain spe¬ 
cies richness and species establishment rate. Gaps created by multiple tree falls in different years have higher seedling density of S. robusta 
than gaps created by single and/or multiple tree falls in the same year. In conclusion, gaps maintain species diversity by increasing seedling 
density, and favor regeneration of Sal forests. In addition to gap size, other gap attributes also affect species diversity and regeneration. 

Keywords: Canopy gap; intermediate disturbance hypothesis; Nepal; Sal ( Shorea robusta Gaertn. f.) forest 


Introduction 

Understanding of canopy gap dynamics provides an insight into 
the many debated question whether or not species equilibrium is 
maintained in a forest community during regeneration processes 
in gaps (Barik et al. 1992; Zang and Wang 2002). Regeneration 
processes in gaps depend on several physical and biological fac¬ 
tors involving canopy closure, intensive growth of advanced 
regeneration of pre-disturbance origin, and species colonization 
(Arriaga 2000). The prevailing regeneration strategy following a 
tree fall, including seed rain, seed bank, suppressed seedlings and 
saplings, vegetative regeneration, or lateral growth of peripheral 
trees, depends heavily upon the characteristics of gaps and dis¬ 
turbed areas (Runkle 1985; Lawton and Putz 1988; Brokaw and 
Scheiner 1989; Arriaga 2000). 

The size of a gap, its temporal distribution, and severity of 
disturbance are the determining factors that account for changes 
in floristic composition, structure, species diversity, and regen¬ 
eration. Tree fall gaps offer specialized regeneration niches as a 
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result of spatial and micro-environmental heterogeneity (Barik et 
al. 1992; Arriaga 2000; Li et al. 2005). Even within a gap, dif¬ 
ferences in light, moisture and temperature regimes and spatial 
heterogeneity caused by root, bole and crown zones, create a 
number of potential regeneration niches. Such heterogeneities are 
of fundamental importance in maintenance and promotion of 
high tree diversity in tropical forest communities (Connell 1978; 
Barik et al. 1992). Gap size is a critical variable for recruitment 
and establishment of different tree species (Brokaw 1985; Li et al. 
2005). Regeneration strategy prevailing in small gaps is intensive 
growth of advanced regeneration (saplings), whereas the regen¬ 
eration path in larger gaps is dominated by seed rain or seed bank 
of pioneer species (Runkle 1985; Garwood 1989). Small gaps are 
more likely colonized by clonal expansion of surrounding plants, 
whereas successful establishment through germination prevails 
in larger gaps (Bullock 2000), and establishment success from 
seed increases with distance to the gap edges (Li et al. 2005). 
Establishment of individuals in gaps depends not only on gap 
size, but also largely on how these gaps are created (Pakeman et 
al. 1998). Subtle aspects of tree fall gaps, involving shape (Li et 
al. 2005), age (Barik et al. 1992; Schnitzer and Carson 2001), 
number and causes of tree fall (Uhl et al. 1988; Arriaga 2000), 
gap canopy height and micro-environmental factors (Barik et al. 
1992) are of equal importance for post-gap regeneration and 
diversity of tree species. 

Despite a few studies in Indian sub-tropical region (Barik et al. 
1992), southern tropics of India (Chandrashekara and Rama- 
krishnan 1993) and China (Zang and Wang 2002; Li et al. 2005; 
Zang et al. 2005) and temperate forests of Nepal (Vetaas 1997), 
the role of gaps in maintaining species diversity and regeneration 
in old-growth seasonally dry Shorea robusta forests (also known 
as Sal forests) in South East Asia is not fully understood. It is 
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also not apparent if gap disturbance regimes and regeneration 
processes in Sal forests are similar to those in tropical and tem¬ 
perate forests (Barik et al. 1992). In addition, selective logging of 
dead and diseased trees, a traditional management strategy in 
Nepal, has been in practice since the inception of local timber 
trade, which in turn results in formation of gaps in this forest 
type. Moreover, issues about conservation of biological diversity 
in Nepalese old-growth seasonally dry Sal forests have also been 
realized and substantial researches on forest management prac¬ 
tices have been sought for. 

Therefore, this study was conducted in Sal forests in Nepal 
with the following objectives: (1) to compare species diversity 
and regeneration between gap and intact vegetation environ¬ 
ments; (2) to examine the relationship between gap attributes and 
species diversity and regeneration. This paper specifically sought 
to answer the following questions: (1) does gap environment 
favor herb, shrub and tree species recruitment and diversity? (2) 
If yes, which gap-built characteristics are the most influential 
factors affecting species recruitment, establishment and diver¬ 
sity? 

Materials and methods 

Study area 


The geological formation of the study area is composed of 
coarsely bedded stones, crystalline rocks, clays and conglomer¬ 
ates (Anonymous 1994). Soil physico-chemical properties and 
some biological attributes of the forest are given in Table 1. The 
climate is tropical to sub-tropical with three distinct seasons: 
cold, hot and rainy. May and June are the hottest months with 
highest mean maximum temperature, and December and January 
are the coldest months. The maximum rainfall occurs during the 
monsoon season (June-September) and dew falls from December 
to February (Fig. 2). 

Table 1. Summary of stem inventory and soil analysis of the study 
area, in State-owned seasonally dry Sal forests of Nawal Paransi 
district, located between 27° 37.5" N and 84°3' E at ca. 190 m above 
sea level. 


Biological 

attributes 

Mean 

values 

Physico-chemical 

attributes 

Mean 

values 

Seedling density 

54234/ha 

Soil pH 

5.5 

Sapling/pole density 

2720/ha 

Organic matter 

2.0 % 

Sapling/pole basal area 

3.4 m 2 /ha 

Moisture content 

11.1 % 

Canopy tree density 

54/ha 

N 

0.347 % 

Canopy tree basal area 

15.8 m 2 /ha 

P 

26.1 kg/ha 



K 

471.2 kg/ha 


The study was conducted in State-owned seasonally dry Sal for¬ 
ests of Nawal Paransi district, located between 27°37.5' N and 
84°3' E at ca. 190 m above sea level (Fig. 1). This forest type 
was chosen as it is the best representative of Sal forests in Nepal, 
which extends continuously from east to far west along the na¬ 
tional highway. It covers an area of approximately 1000 ha and is 
considered to be one of the largest chunks of Sal forest in the 
locality. Due to poor protection and surrounding settlements, the 
entire forest experiences similar anthropogenic disturbances (e.g. 
fuel-wood, fodder and litter collection; moderate grazing pres¬ 
sure and encroachments etc.). No major natural disturbances (e.g. 
fire, hurricane and floods) across the entire forest were recorded. 
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Fig. 1 Location of study area. 



M omits 


Fig. 2 Rainfall, relative humidity and temperature data for the study 
area in Sal forests in Nepal during January to December (mean of 
years 2003-2005); (vertical bars) average rainfall; (triangles) relative 
humidity; (points) mean maximum temperature; (circles) mean 
minimum temperature 

Data collection 

The present study was based on both natural and artificial canopy 
gaps formed through whole tree fall. The artificial tree fall refers 
to selective felling carried out either by the Department of For¬ 
ests or illegal loggers. In our study, a gap is defined as an area 
larger than 25 m 2 opened by removal of canopy trees, where 
most of the living plants in gaps are less than 5 m tall and less 
than 50% of the height of the surrounding canopy trees (Lawton 
and Putz 1988). A gap also included both canopy gap and ex¬ 
tended gap (Runkle 1982). The canopy gap refers to a hole from 
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the canopy down to the ground, and extended gap refers to the 
space enclosed by surrounding trees around the canopy gap. We 
define intact vegetation as an area with ca. 100% closed canopy 
as measured by densiometer. 

The highway and its midpoint were taken as a reference for 
gap and intact vegetation survey because the highway divides the 
forest into two blocks. Six directions (20°, 50°, 110°, 240°, 250°, 
and 320°) were chosen based on field reconnaissance and visual 
interpretation of satellite images, and three arbitrary transect 
lines on either side (20°, 50°, 110° and 240°, 250°, and 320°) of 
the national highway were laid from midpoint of the highway in 
order to cover the entire core zone of the forest. The arbitrary 
transect lines with 40 m width were laid by five crew members 
walking 10 m apart from one another. Each transect was simply 
followed until 10 gap and intact vegetation spots were encoun¬ 
tered. Spots in the intact vegetation were situated close to gaps (5 
- 50 m away from a random border tree of each gap) to ensure 
similar topographical characteristics between them. A total of 60 
gap and intact vegetation spots, 10 spots per transect line, were 
identified, labeled with paint and given serial numbers. 

For each gap as an ellipse, its long axis and perpendicular 
short axis were measured to calculate the gap area. Trees, larger 
than 20 cm in diameter at breast height (DBH) on the edge of 
each gap, were identified at species level and their dbh was 
measured. Species names, stump diameter, and state (live or dead) 
of gap makers (trees with ^ 20 cm stump diameter creating a 
gap) were recorded. Mortality types, i.e., standing dead, trunk 
broken or uprooted, of gap makers were noted. The cause of 
death and decay of each gap maker in each gap was recorded. 
Gap age classes were estimated by visual comparison of the de¬ 
cay classes of gap makers and the decay classes of known (with 
help of office records or persons involved in logging operation) 
log remains and stumps after cutting from nearby areas. Experi¬ 
enced local forest workers were also involved in estimating the 
ages of each gap maker. This approach of age estimation has 
successfully been used previously (Barik et al. 1992; Zang and 
Wang 2002). In case of multiple tree fall gaps, we assigned the 
oldest gap maker as key determinant of gap age and cause of tree 
fall, since we considered this as gap origin (Zang and Wang 
2002). However, the gap formation events were described by 
combining number of tree falls and gap age. For example, we 
assigned a ‘single event gap’ if a single or multiple tree fall oc¬ 
curred in the same year. When the gap was formed with multiple 
tree falls in different years, it was assigned as ‘multiple event 
gap’. In order to avoid spatial autocorrelation and combined 
effects of two gaps along transects, a minimum distance of 100 
m between successive border trees of sampled gap spots was 
maintained. 

Detailed inventories in each gap and intact vegetation spot 
were carried out from November 2006 to March 2007 using the 
quadrat method. A 5 m x 5 m quadrat was laid at the middle of 
each gap and intact vegetation spot. We made some alignment of 
quadrat at the intact vegetation spots with complete canopy clo¬ 
sure. We also assigned nested 4 m 2 subquadrats at the corner of 
each 25 m 2 quadrat. Within the subquadrats (4 m 2 ), all woody 
individuals with height between 10 cm and 200 cm were identi¬ 


fied at species level and counted. Based on species growth form, 
we categorized species as tree, shrub or herb. Height and collar 
diameter of the tallest and shortest trees and shrubs were meas¬ 
ured. Within the quadrats (25 m 2 ), individuals with height more 
than 200 cm were identified at species level and their dbh was 
measured. Based on height of each individual, we grouped tree 
species into seedlings (individuals with height between 10 cm 
and 200 cm) and saplings (individuals with height more than 200 
cm). The mechanism of natural regeneration (seed vs. vegetative) 
at the seedling layer were identified for all species, mostly 
through their morphological appearances; in some cases below¬ 
ground analysis of roots was also performed. Identification of 
species was made in situ when possible, and by comparison with 
voucher specimens of the National Herbarium. The sterile 
specimen vouchers of these species were deposited in the District 
Forest Office. 

Data analyses 

In order to permit a more precise comparison of alpha diversity 
in the gap and intact vegetation, a variety of commonly used 
diversity indices were computed based on the total number of 
species and individuals for each growth form. The indices were 
as follows: 

Margalef s index of species richness, 


D mg =(*S’ —l)lnV (1) 

Shannon-Wiener index, 

H'= -^P, log 2 Pi i2 > 

Simpson’s index, 

(3) 

Shannon’s measures of evenness, 

J'=H'\nS (4) 

Fisher’s index of diversity, 

a = N(l-x)/x (5) 


where, S , A, p h n { and x are the total number of species, total 
number of individuals, the proportion of individuals found in the 
z'th species, the number of individuals in the z'th species, and the 
log series parameters, respectively. 

Species-abundance curves were plotted using overall density 
(log value) of herbs, shrubs and trees against its corresponding 
species sequence in order to interpret the community organiza¬ 
tion in terms of resource share and niche-space (Pande 1999). 
Plot level density of each growth form, S. robusta seedling 
population (seed vs. vegetative), population of 
socio-economically important tree species, sapling population ( S . 
robusta vs. other species) and diversity indices were calculated 
and compared between the gap and the intact vegetation using 
paired sample t-test. The missing values were replaced by means 
(Tabachnick and Fidell 2001). Establishment rate for any given 
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species was computed as ratio of the density of seedlings to that 
of saplings. Gap attributes, i.e. gap size, number of fallen trees, 
gap age, tree fall basal area and basal area of border trees were 
related to the dependent variables (i.e. species richness, diversity, 
evenness, establishment rate of S. robusta- and other species) 
using Pearson correlation. The mid values of gap age classes 
were used to analyze its association to various dependent vari¬ 
ables (Tabachnick and Fidell 2001). The effect of gap formation 
events (single vs. multiple) on species richness, diversity, even¬ 
ness, S. robusta seedlings and other seedlings were compared 
using independent sample t-test. Prior to analysis, the data sets 
were either log- or square root transformed as deemed necessary 
in order to normalize the data sets. All analyses were done using 
SPSS version 14 (SPSS for Windows, Chicago: SPSS Inc.). 

Results 

Species diversity 

A total of 4 041 individuals belonging to 48 species were en¬ 
countered in 120 sample plots (Table 2). Among the 48 species, 
43 species were recorded in the gap and 37 species were re¬ 
corded in the intact vegetation environment. The species abun¬ 


dance patterns of each growth form as well as the whole vegeta¬ 
tion community displayed a typical reverse J-distribution or log 
series distribution for both the gap and intact vegetation envi¬ 
ronments (Fig. 3), where the majority of the species had few 
individuals and minority species had many individuals. However, 
many herbs and trees had low species abundance in the gap, 
while many shrubs with few individuals were found in the intact 
vegetation. 

The various diversity indices for each growth form did not 
vary consistently between the gap and intact vegetation (Table 2). 
For herbs and trees, the total number of species ( S ), species rich¬ 
ness ( D Mg ), and Fisher’s diversity index (a) were slightly higher 
in the gap than in the intact vegetation, while the above three 
indices for shrub were slightly higher in the latter. The total 
number of individuals (TV) for all the three growth forms was 
higher in the gap than in the intact vegetation. The species turn¬ 
over rate, as measured by numerical species richness (S/N), was 
higher in the gap for herbs and in the intact vegetation for shrubs, 
and approximately the same in both environments for trees. The 
Shannon-Wiener index (FT), the complement of Simpson’s index 
(7 - D) and the Shannon’s measure of evenness (J’) was slightly 
higher in the intact vegetation than in the gap for shrubs and trees 
while nearly the same for herbs. 
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Fig. 3 Species abundance curves for the gap and intact vegetation in State-owned seasonally dry Sal forests of Nawal Paransi district. 


At plot level, complement of Simpson index (t [59] = 2.1; p = 
0.048), Shannon’s evenness index (t [59] = 3.5; p = 0.001) and 
species-individual ratio (t [59] = 4.6; p < 0.0001) in the seedling 
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layer were significantly lower in the gap than in the intact vege¬ 
tation, while no differences were found in species richness and 
Shannon-Wiener index. The species richness of the sapling 
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population was not significantly different between the gap and 
intact vegetation (Fig. 4). 

Table 2. Species diversity indices of different growth form in the gap 
and intact vegetation environments in Sal forests in Nepal. 


Stand _ Diversity indices 


attrib- 


utes 

5 

Dmg 

N 

S/N 

H' 

1-D 

J' 

a 

Herbs 









Gap 

11 

2.12 

110 

0.100 

2.276 

0.733 

0.94 

10.36 

Intact 

8 

1.28 

105 

0.056 

2.148 

0.718 

1.10 

4.18 

Shrubs 









Gap 

10 

1.54 

346 

0.028 

1.628 

0.492 

0.70 

5.34 

Intact 

12 

2.09 

189 

0.063 

2.113 

0.620 

0.85 

8.90 

Trees 









Gap 

22 

2.77 

1958 

0.011 

0.967 

0.240 

0.31 

9.54 

Intact 

19 

2.36 

1333 

0.013 

1.391 

0.360 

0.48 

8.04 

Total 









Gap 

43 

5.39 

2414 

0.018 

2.066 

0.515 

0.55 

21.65 

Intact 

37 

5.00 

1627 

0.022 

2.502 

0.601 

0.69 

19.02 


S is the total number of species recorded, D^the Margalef s index of species 
richness, N the total number of individual enumerated, S/N the rate of species 
increase per individual enumerated, H' the Shannon-Wiener index, 1-D the 
complements of Simpson’s index, J' the Shannon’s measures of evenness, a 
the Fisher’s index of diversity. 



Shorca rabusla Other species Species richness 


Fig. 4 Species richness and density of sapling populations in the gap 
and intact vegetation. The different letters show significant differ¬ 
ences (p < 0.05; pair-wise t-test). 


density of seed-originated seedlings was observed between the 
two environments (Fig. 5). The sapling density of S. robusta as 
well as other species had no significant difference between gap 
and intact vegetation (Fig. 4). 


Table 3. Number of seedling and saplings (mean ± SE) of different 
growth forms in the gap and intact vegetation environments (100 
m 2 ). 


Growth 

Number of seedling and saplings 

t-stati 

df 

P-value 

form 

Gap 

Intact 

Stic 



Trees 

871 ±33 

578 ±28 

6.45 

59 

0.000 

Shmbs 

150 ± 13 

93 ±9 

3.71 

59 

0.000 

Herbs 

87 ±9 

75 ±5 

1.31 

59 

0.193 


Table 4. Number of individuals (mean ± SE) of six 
socio-economically important tree species in the gap and intact 
vegetation environments (100 m 2 ). Fo, Fu, T and M refer to as fodder, 
fuel wood, timber and medicine, respectively. 


Species 

Major use 

Number of individuals 

Gap Intact 

t-statistic 

df 

P-value 

S. robusta 

Fo, Fu, T, M 

595 ±32 

362 ± 23 

5.9 

59 

0.000 

T. alata 

Fo, Fu, T, M 

38 ±2 

18 ± 1 

9.8 

59 

0.000 

T. bellirica 

Fo, Fu, M 

17 ±0.5 

31 ± 1 

17.7 

59 

0.000 

S. cumini 

Fo, Fu, T, M 

32 ± 1 

72 ±8 

5.2 

59 

0.000 

E. operculata 

Fo, Fu, T, M 

34 ±2 

45 ±7 

1.5 

59 

0.133 

L. parviflora 

Fu, T, M 

8 ±1 

8 ± 1 

0.04 

59 

0.972 



Seed origin seedlings Non-seed origin seedlings 


Regeneration 

Seedling recruitment differed significantly between the gap and 
intact vegetation, depending on growth forms (Table 3). The 
number of seedlings for tree and shrub was higher in the gap than 
in intact vegetation, but no difference was found in the number 
of seedlings for herb between the two environments. At individ¬ 
ual species level, higher seedling densities of S. robusta and 
Terminalia alata were observed in the gap than that in the intact 
vegetation, while that of Terminalia bellirica and Syzigium 
cumini were higher in the intact vegetation than in the gap (Table 
4). Analysis on the mechanism of natural regeneration of the 
dominant species, S. robusta revealed that the density of vegeta- 
tively recruited individuals was significantly higher in the gap 
than in the intact vegetation, while no significant variation in the 


Fig. 5 Mechanisms of natural regeneration (seed origin seedlings and 
non-seed origin seedlings) of Shorea robusta in the gap and intact 
vegetation. Nested 4-m 2 subquadrats were assigned at the corner of each 
25 m 2 quadrat. The different letters show significant differences (p < 0.05; 
pair-wise t-test). 

Relationship between gap characteristics and vegetation attrib¬ 
utes 

In general, the correlations between various vegetation attributes 
and gap characteristics were weak, except for several exceptions 
(Table 5). For instance, a significant and negative association 
existed between species richness and gap size and basal area of 
border trees. Shannon diversity index and evenness showed a 
significant positive relationship with basal area of fallen trees. 
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Moreover, the establishment rate of S. robusta showed a negative 
relationship with number of fallen trees while the establishment 
rate of other species had a negative relationship with gap size 
and basal area of border trees. Gap formation events did not af¬ 
fect diversity indices as well as overall seedling density of all 
species other than S. robusta that had a higher mean seedling 
density in gap created by multiple tree falls in different years 
than that in gap created by single tree fall and/or multiple tree 
falls in the same year (Table 6). 


Table 5. Correlation (r) of diversity indices and regeneration attrib¬ 
utes with gap plot characteristics (n = 60). 




Gap plot characteristics 


Vegetation attributes 

Gap area 

Number of 

Gap 

Border basal 

Tree fall 


(logio) 

tree fall 

age 

area 

basal area 

Species richness 

-0.287* 

0.181 

0.110 

-0.463** 

0.037 

Shannon index 

-0.086 

0.210 

0.174 

-0.218 

0.259* 

Evenness 

0.086 

0.211 

0.200 

-0.051 

0.280* 

a Establishment 

0.164 

-0.288* 

-0.109 

0.131 

0.026 

rate (Shorea robusta ) 

a Establishment 

-0.261* 

-0.001 

-0.036 

-0.309* 

-0.109 


rate (other species) 


**, * p values <0.01; <0.05; a Square root transformation 


Table 6. Plot-wise values (mean ± SE) of different vegetation attrib¬ 
utes and t-statistics of single and multiple tree falls in different time 
series of the gap formation phase. 


Vegetation attributes 

single 

event 

(n = 42) 

multiple 

event 

(n = 18) 

df 

t-stati 

sties 

P-values 

Species richness 

6.3±33 

7.2±0.6 

58 

1.37 

0.175 

Shannon index 

1.48±.05 

1.46±0.13 

58 

0.16 

0.868 

Seedling density (100 

m 2 ) 

0.56±0.02 

0.50±0.06 

58 

1.13 

0.262 

Seedling density (100 

2 

m ) (Shorea robusta) 

549±6 

725±80 

58 

2.91 

0.005 

Evenness(other species) 

275 ± 17 

276 ± 22 

58 

0.04 

0.967 


Discussion 

The present study shows that majority of the species have few 
individuals and minority species have many individuals in both 
gap and intact vegetation environments. This characteristic coin¬ 
cides with the reverse J-distribution or log series distribution of 
species-abundance curve that is a typical characteristic of many 
old-growth forests in the tropics (Pitman et al. 1999; Huang et al. 
2003). Similar observation has been made by Pande (1999) in 
some disturbed S. robusta forests in India. Log series distribution 
maintains a moderate size of common and few abundant species 
(Pande 1999). This pattern of distribution suggests that a 
post-gap forest community in Sal forests maintains relatively 
heterogeneous assemblages of species (Pande 1999; Behera and 
Misra 2006). 


Our finding is consistent with other reports that tree species 
richness is higher in the gap than in the intact vegetation (Runkle 
1982; Denslow 1995; Zang and Wang 2002; Li et al. 2005). 
Generally gaps maintain species diversity by providing coloniza¬ 
tion sites for shade intolerant, pioneer species in the community 
(Clarke and Allaway 1993; Dalling et al. 1998), and by increas¬ 
ing tree establishment, and thus stand density , which in turn can 
lead to higher tree species richness (Denslow 1995). Tree fall 
gaps generally produce environmental heterogeneity, which en¬ 
sure different light, temperature, moisture and/or nutrient re¬ 
gimes that trigger germination and growth (Denslow 1995). In 
some cases, the increase in diversity caused by gaps would sim¬ 
ply be a transient effect of increased density and would disappear 
following thinning (Denslow 1995; Gotelli and Graves 1996; 
Hubbell et al. 1999; Stevens and Carson 1999). The high seed¬ 
ling density in gaps could explain the slight increase in overall 
diversity (Fisher’s index in particular) in gaps observed in the 
present study. 

Our regeneration data showed extremely high seedling densi¬ 
ties of trees and shrubs in the gap, which is consistent with find¬ 
ings reported by Bertrand et al. (1995) in the desert, Chambers 
(1995) in alpine tundra and Whitmore (1989) in tropical forests. 
Generally, regeneration processes in gap depend on several 
physical and biological factors (Arriaga 2000). Canopy gaps are 
always found to have higher light intensities at soil surface and 
hence often higher soil temperature than closed vegetation 
(Denslow et al. 1998). Moreover, competition for one or more 
resources (e.g. light, nutrients, and water) is less in canopy gaps 
than in intact vegetation (Bullock 2000). Thus, the combined 
effect of increased light intensity, increased soil temperature and 
reduced competition increases seedling recruitment and estab¬ 
lishment in canopy gaps compared to closed canopies. 

The mechanism of seedling regeneration also has a strong in¬ 
fluence on the gap colonizing ability of the species. For example, 
the density of seed-origin seedlings of S. robusta did not differ 
between the gap and intact vegetation while the density of vege- 
tatively recruited individuals was favored by the gap. This can be 
related to the seed availability, resprouting ability of the species 
and gap size. Generally, S. robusta has a low seed availability 
due to a long seed period for normally every third year (Gautam 
and Devoe 2006), short seed viability (Jackson 1994) and often 
seed collection by local people for its immense economic value. 
The low seed availability could influence the recruitment of 
seed-origin seedlings. Vegetation cover in gaps is often main¬ 
tained by prolific ramet producers, especially through rhizomes 
or resprouts as disturbance-led openings accelerate these proc¬ 
esses (Pandey and Shukla 2001). S. robusta is a prolific re¬ 
sprouter and the resprouts of the species develop slowly in shade 
compared to in the open, which in turn leads to lower survival 
rate under closed canopy (Rautiainen and Suoheimo 1997). 
Small gaps more likely favor clonal expansion of surrounding 
plants, whereas large gaps favor successful establishment 
through seed germination. Also, the establishment success from 
seed increases with distance to the gap edge (Li et al. 2005). 

A rapid recruitment of pioneer shrubs following gap formation 
is another important factor accountable for high seedling density 
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in canopy gaps (Deb and Sundriyal 2007). In the present study, 
Clerodendron viscosum - a nurse shrub for natural regeneration 
of S. robusta, was found in substantially higher density in canopy 
gaps (98 individuals per 100 m 2 ) than in intact vegetation (45 
individuals per 100 m 2 ), thus resulting in higher density of the 
shrub population in the gap. The lack of significant variation in 
herb density between the gap and intact vegetation could be re¬ 
lated with reduced availability of light due to overshadowing by 
the dense population of shrubs and trees as well as competition 
for other resources (Yu et al. 2006). 

The lack of significant difference in stem abundance and spe¬ 
cies richness of sapling population between the gap and intact 
vegetation corroborates with findings of Uhl et al. (1988), Hub- 
bell et al. (1999) and Babaasa et al. (2004). In an old-growth 
tropical forest, the gap disturbance regime actually did not con¬ 
trol the variation in tree diversity and density of advance regen¬ 
eration (Hubbell et al. 1999). It is so because: (i) gaps remained 
dominated by shade-tolerant tree species of advance regeneration 
(saplings) before gap formation (Uhl et al. 1988), which results 
in similar post-gap abundance and diversity pattern; and (ii) 
physical damage during the tree fall and removal events might 
reduce their density in the gap. 

The correlation analysis between gap plot characteristics and 
vegetation attributes revealed a negative relationship between 
gap size and species richness, which further supports the signifi¬ 
cantly higher diversity observed in the intact vegetation than in 
the gap. Increase in gap sizes can change markedly the extreme 
values of microclimate (Whitmore 1996), and lower the survival 
and growth of recruits, particularly in dry forests. An increase in 
Shannon index and evenness with increasing tree fall basal area 
suggests that colonizers can obtain increased space by big-sized 
tree fall, and invade into and grow in the new habitats (Li et al. 
2005). Apparently, bigger pre-gap canopy trees produced larger 
tree fall basal area. Before gap creation, these trees shaded the 
entire micro-sites and maintained relatively even distribution of 
shade-tolerant species (Uhl et al. 1988), which is exemplified by 
the shade tolerant of species (Jackson 1994). Our study shows 
that S. cumini, Eugenia operculata, T. bellirica, Semecarpus 
anacardium have significantly higher seedling density in the 
intact vegetation than in the gap. 

The multiple gap makers with successive gap events favored 
early recruitment (seedling) of S. robusta , which can be attrib¬ 
uted to rapid successional recovery of the S. robusta population 
(Webb and Sah 2003) due to continuous light availability (Gau- 
tam and Devoe 2006), increased photosynthesis and increased 
ground temperature (Li et al. 2005). However, the negative rela¬ 
tionship of S. robusta establishment rate with number of tree 
falls can be attributed to logging effects as multiple tree falls at a 
single event (e.g. wind fall) followed by logging operations 
physically damage saplings but accelerate post-logging regenera¬ 
tion of S. robusta (pers. obs.). 

We find significant negative association of species richness 
and establishment rate of other species with basal area of bor¬ 
dering trees, perhaps due to pests (Richards and Coley 2007) 
and/or root competition (Brokaw 1985). In general, most of the 
tree species are susceptible to insect attacks and diseases. How¬ 


ever, shade-tolerant species are more susceptible and therefore 
suffered severe stress in larger gap as observed by Tabarelli and 
Mantovani (2000) in south eastern Brazil. Big-sized (old-growth) 
trees around the gap might serve as host trees for different her¬ 
bivores (e.g. ants, termites, grasshoppers; pers. obs.), which feed 
on seeds or young leaves of seedlings and therefore lowered the 
density and diversity at recruitment stage. Moreover, old-growth 
trees around the gap might also enhance seedling mortality due 
to root competition between seedlings and bordering trees for 
nutrient and water. Richards and Coley (2007) reported that 
plants, young leaves, herbivores and predators were significantly 
more abundant in larger gap than elsewhere in the community. 
Similar conditions might exist in our study site, where a majority 
of species ( ca . two-third of referenced) were characterized as 
shade-tolerant (Jackson 1994), explaining the inverse relation¬ 
ship between gap size and establishment rate of other species. 

In conclusion, the results show that gaps maintain overall spe¬ 
cies diversity through an increase in total density without having 
an effect on density of saplings. Gaps in old-growth Sal forests 
improve regeneration of various tree species, but resulted in 
higher dominance of S. robusta. Larger gaps tend to lower spe¬ 
cies equilibrium. The results also highlight that not only gap size 
but also other gap attributes have an influence on post-gap re¬ 
generation and diversity. 
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